To prove our hypothesis in a biological sense, that osteophytes have greater mineralisation efficacy than cancellous bone using mice in vivo and osteoblast-like cells in vitro.
Introduction
Bone defects requiring treatment are frequently encountered during various orthopaedic surgeries, including fracture reduction and fixation, arthroplasty and osteotomy. Bone grafts, such as autograft, allograft and artificial substitute materials, are options to fill these bone defects. among these options, autografts provide a rich source of progenitor cells, bone morphogenetic proteins (Bmps) and growth factors which facilitate new bone formation. 1,2 autografts are therefore commonly used due to their osteogenic, osteoinductive and osteoconductive properties. The iliac crest is the most common source of bone autograft, providing a relatively easy harvest of a fair quantity of bone. However, harvesting in general increases surgical time and blood loss, as well as the overall cost of the procedure, and carries the risk for donor site morbidity which, at the iliac crest, includes infection, pain, haemorrhage, fracture, muscle weakness and nerve injury. 3 osteophytes are osteocartilaginous metaplastic tissues that generally form at the margins of osteoarthritic joints. 4, 5 The development of osteophytes follows a basic pattern of endochondral and intramembranous bone formation, 6, 7 in which growth factors and Bmps play an important role. [8] [9] [10] Considering the contribution of endochondral and intramembranous bone formation to osteophyte development, we hypothesised that osteophytes could provide sufficient osteogenic efficacy to be used as autologous bone grafts. From a clinical perspective, we conceived that a medial open-wedge high tibial osteotomy (oW-HTo), for the treatment of varus knee osteoarthritis (oa), would be ideal for the use of osteophyte bone grafting.
The oW-HTo procedure is well accepted in practice, with documented good clinical results since 1987. 11 However, one of the concerns of oW-HTo procedures involves the residual gap at the osteotomy site, which can lead to several complications such as delayed bone union, loss of correction and breakage of the fixation plate and screws. 12 Therefore, methods and materials that could accelerate bone union would be desirable. as a clinical study of feasibility, we have been using osteophytes as an autologous bone graft to fill the gap at the osteotomy site during oW-HTo procedures, harvesting the osteophytes arthroscopically from the intercondylar notch or medial edge of the femur, and grafting them around the lateral hinge area of the osteotomy site. among 11 consecutive cases of implantation of osteophytes at the osteotomy site, bone healing was achieved, at a mean 5.3 weeks post-operatively, 13 an accelerated rate of bone union than previously reported. 12 our clinical experience to date supports our hypothesis regarding the favourable bone-forming efficacy of osteophytes, and of their potential usefulness as bone grafts. Therefore, the aim of our study was to compare the osteogenic efficacy of osteophytes and cancellous bone grafts, specifically addressing the following three questions: do osteophytes produce more bone mineralisation than cancellous bone in vivo?; do osteophytes secrete more growth factors than cancellous bone?; and do factors released from osteophytes have stronger effects on proliferation, differentiation and chemotaxis of osteoblasts than those from cancellous bone in vitro?
Materials and Methods
Mice and human samples. all animal experiments followed protocols approved by the institutional animal care and use committee of our institution (approval number: a25-216-0). a total of 18 eight-week-old male CB17-severe combined immunodeficient (SCid) mice (Charles River laboratories Japan inc, yokohama, Japan) were used for this study. animals were housed in separate cages in the animal centre of our institution, with free access to water and standard food provided.
Both human osteophytes and cancellous bone tissue were obtained from 19 female patients during total knee arthroplasty for oa. in order for the surgical samples to be used in experiments, written consent was obtained from every patient. Nine of the osteophyte samples were used for in vivo transplantation and ten were used for incubation in a conditioned medium. although it is relatively easy to distinguish osteophytes from normal bone at the femoral condyle, tibial osteophytes blend into the tibial plateau, such that the transition between normal bone and osteophyte cannot be determined. 14 Therefore, we exclusively used femoral osteophytes in our study. Cancellous bone was harvested from the mid-portion of bone resected from the chamfer cut on the femoral condyle. These procedures were approved by the institutional review board for clinical research of our institution (approval number: 25-173).
In vivo transplantation. using an aseptic technique, human osteophytes and cancellous bone were divided into 0.05 g pieces and transplanted onto the calvaria of mice under general anaesthesia. an incision was made on the head of CB17-SCid mice, the periosteum peeled off, and the osteophyte or cancellous bone was transplanted into nine randomised mice for each graft type. The wound was closed with a surgical suture. histological analysis. Three mice in each of the two experimental groups, osteophyte and cancellous bone, were killed at three and six weeks following transplantation, for histological analysis. The whole calvaria were fixed in 4% paraformaldehyde, decalcified with 0.5 m ethylenediaminetetraacetic acid and embedded in paraffin wax. Coronal sections (5 μm thick) were stained with Safranin o, fast green and Weigert's iron haematoxylin, and examined by light microscopy. Concurrently, consecutive slices were stained with haematoxylin and eosin (H&e). Micro-CT scanning. For morphological observation, specimens were scanned by micro CT (Hitachi aloka medical, Tokyo, Japan) at both time points of histological analysis. Mineralisation around the graft. The remaining three mice in each group were killed for histomorphometrical analysis at six weeks following transplantation. Calcein (dojindo lab, Kumamoto, Japan) was subcutaneously administered at a dose of 10 mg/kg of body weight at five weeks post-transplantation for fluorescent labelling of the area of mineralisation. For analysis, the calvaria was fixed in 70% ethanol, treated with villanueva bone stain for six days, dehydrated in graded concentrations of ethanol, and embedded in methyl-methacrylate (Wako pure Chemical industries, osaka, Japan) without bone decalcification. The area of fluorescence and total area of the graft were measured by fluorescence microscope with image processing software (BZ-x700, Keyence Co, osaka, Japan) and the ratio of labelled area:total area of the graft, was calculated.
Osteophyte-and cancellous bone-conditioned medium.
osteophytes and cancellous bone were milled and placed into sterile dishes containing dulbecco's modified eagle medium (dmem; life Technologies, Grand island, New york) supplemented with 100 u/ml penicillin and 100 μg/ml streptomycin (Sigma-aldrich, St. louis, missouri), but with no serum. a ratio of 3 g of osteophytes or cancellous bone (wet weight) per 10 ml of culture medium was used. after a 24-hour incubation period, the osteophyteconditioned medium and cancellous bone-conditioned medium were collected. enzyme-linked immunosorbent assay. The amount of transforming growth factor (TGF)-β1, Bmp-2 and insulinlike growth factor (iGF)-1 in the osteophyte-conditioned medium and cancellous bone-conditioned medium were measured using Quantikine Colorimetric Sandwich enzyme-linked immunosorbent assay (eliSa) kits (R&d Systems, minneapolis, minnesota) in accordance with the manufacturer's protocol. To activate latent TGF-β1 for measurement, the conditioned medium was heated to 85°C for ten minutes. data from ten independent samples were analysed.
Cell culture, RNA extraction and real-time reverse transcriptase polymerase chain reaction. The human osteosarcoma cell lines, mG-63 and Saos-2, were purchased from aTCC (manassas, virginia) and maintained in dmem supplemented with 10% foetal bovine serum (FBS). For gene expression analysis, cell lines (5 × 10 4 /well, 24-well plate) were exposed to the osteophyte-conditioned medium or cancellous bone-conditioned medium for 72 hours. The osteophyte-conditioned medium and cancellous bone-conditioned medium were diluted three-fold, using dmem with 10% FBS. as an untreated control, the cells were exposed to dmem with 6.7% FBS. Total RNa was isolated from cultured cells using the RNeasy mini Kit (Qiagen, Hilden, Germany), and was reverse-transcripted using the primeScript Reverse Transcriptase (RT) reagent kit (Takara Bio, Shiga, Japan) to make single-stranded cdNa. Quantitative real-time RT-polymerase chain reaction (pCR) was performed with the lightCycler 2.0 System (F. Hoffmann-la Roche aG, Basel, Switzerland) using SyBR premix ex Taq ii (Takara Bio inc., Shiga, Japan). The primer sequences are included in the supplementary material. For analysis, data were corrected for expression of the housekeeping gene GAPDH and the results are shown in the figures. data from ten independent samples were analysed. Proliferation assay. To evaluate the rate of cell proliferation, mG-63 cells (1.5 × 10 3 /well, 96-well plate) were incubated in the osteophyte-conditioned medium or cancellous bone-conditioned medium, which were diluted three-fold, using dmem without FBS or dmem without FBS as an untreated control, for up to 36 hours. viable cells were identified using CellTiter 96 aQueous one Solution Cell proliferation assay (promega, madison, Wisconsin) according to the manufacturer's protocol. data were corrected for the absorbance at time zero. data from ten independent samples were analysed. Migration assay. a migration assay was performed using Transwell chambers (Corning Costar Corp., Cambridge, massachusetts), with 6.5 mm-diameter polycarbonate filters (8 μm pore size). polyvinylpyrrolidone-free polycarbonate filters in the upper chamber were coated with type 1 collagen (Nitta Gelatin, inc., osaka, Japan) and used as a cell permeable membrane. mG-63 cells (1.0 × 10 5 /well) were suspended in 200 μl serum-free dmem and seeded in the upper chamber. The lower chamber was filled with 600 μl of osteophyte-conditioned medium or cancellous bone-conditioned medium, which were diluted three-fold using dmem without FBS or dmem without FBS as an untreated control. mG-63 cells were allowed to migrate for six hours at 37° C in 5% Co 2 . Cells which migrated to the lower side of the filter were fixed with methanol and stained using the diff-Quik kit (Sysmex Co., Kobe, Japan). The cells that migrated to the lower surface of the filter were counted in three randomly selected microscopic fields ( × 400), with the average of three measurements used for analysis. data from ten independent samples were analysed. statistical analysis . all parameters were tested for normality with the Shapiro -Wilk test, with normally distributed variables first assessed using levene's test. if appropriate, datasets with statistically significant differences from control values were analysed using a oneway analysis of variance (aNova), followed by Tukey's post hoc test for multiple comparisons. The results are reported as mean and standard deviation ( sd ). Wilcoxon rank sum test was used to analyse specific sample pairs for significant differences, such as the eliSa for each conditioned medium. The results are reported as median and interquartile range. Statistical analyses were conducted using Jmp (version 11.0; SaS institute inc, Cary, North Carolina). a p-value < 0.05 was considered statistically significant.
Results
histological changes of transplanted osteophytes and cancellous bone in vivo . at three weeks following transplantation, histological assessment confirmed staining of the extracellular matrix of the cartilaginous structure of the transplanted osteophyte by Safranin o ( Fig. 1a ) . after six weeks, the staining with Safranin o disappeared and was replaced by tissue stained with fast green ( Fig. 1b ) , with bone lining cells visible at the edge of the bony structure in a high-power light microscope field ( Fig. 1c ) . in contrast, no obvious morphological changes were observed by Safranin o staining of the cancellous bone at three and six weeks post-transplantation ( Figs 1d and 1e ) , with relatively sparse bone lining cells visible ( Fig. 1f ) . Figure 2 . under fluorescence microscopy, the green line, indicative of mineralisation that is due to new bone deposition, was visible over almost the entire circumference of the transplanted osteophyte ( Fig. 2b ) , while being visible in only a limited area of the cancellous bone transplantation ( Fig. 2f ) . much of the mineralisation is also observed on the surface of the calvarial bone in both groups. as it was observed not only below the graft, but also over the entire circumference of the calvarial bone, we suggest that it likely represents normal local intramembranous ossification. on micro-CT performed at three ( Fig. 2c ) and six ( Fig. 2d ) weeks posttransplantation, newly formed bone was confirmed only for the osteophyte transplantation at six weeks.
on quantitative analysis, the area of fluorescence in the grafted mass was significantly larger in the osteophyte group (43 803 μ m 2 , sd 14 660 versus 9421 μ m 2 , sd 5032, p = 0.0184; Fig. 3 ). The ratio of the labelled area to the total area of the graft was also significantly higher in the osteophyte group than in the cancellous bone group (0.788%, sd 0.101% versus 0.127%, sd 0.03%, p = 0.0035). Therefore, osteophyte grafts continued to promote active bone formation even at five weeks post-transplantation, which is when the Calcein was administered.
Growth factor secretion and anabolic effects on osteoblasts in vitro . Quantitative analysis by eliSa of the osteophyteconditioned medium and cancellous bone-conditioned medium revealed a higher total amount of growth factors such as TGF-β 1, Bmp-2, and iGF-1 for the osteophyte than cancellous bone preparations ( Fig. 4 ) . mTS assays of the cultured mG-63 cells in the osteophyte-conditioned medium, cancellous boneconditioned medium and untreated control medium confirmed a higher rate of proliferation in the osteophyteconditioned medium, compared with the untreated control medium throughout the period up to 36 hours ( Fig. 5 ) . after a 36-hour incubation period, the proliferation rate rose significantly higher in the osteophyte-conditioned medium than in the cancellous bone-conditioned medium. Quantitative pCR analysis revealed the effect of each conditioned medium on osteoblast differentiation factor expression. mG-63 cells are known to exhibit a relatively pre-mature osteoblast phenotype. 15 after a 72-hour incubation of the cells in each medium, the differentiation marker collagen type 1 alpha 1 (Col1a1) was significantly increased in the osteophyte-conditioned medium group, compared with the untreated control and cancellous bone-conditioned medium groups (p < 0.0001 and p = 0.0003, respectively; Fig. 6 ). in order to confirm gene expression of a more advanced stage of differentiation, Saos-2 cells were similarly cultured in each medium. The expression of alkaline phosphatase (alp), a marker of a relatively later stage of differentiation, was Graphs showing quantification of the area of mineralisation (a) and the ratio of labelled area: total area of the graft (b) is shown, with results reported as the mean and standard deviation. Statistical analysis was performed using one-way analysis of variance (both n = 3). significantly increased in the osteophyte-conditioned medium group, compared with the untreated control and cancellous bone-conditioned medium groups (p = 0.0026 and p = 0.0091, respectively). in contrast, the expression of osteocalcin (BGlap), a marker of the terminal stage of differentiation, was inhibited in both conditioned mediums. Transwell chamber assay for the effects of each medium on osteoblast migration revealed a significantly higher migration of mG-63 cells towards the osteophyteconditioned medium than towards the cancellous boneconditioned medium (202 cells, sd 64.7 versus 83.9 cells, sd 72.6, p = 0.0002) and untreated control (202 cells, sd 64.7 versus 20.2 cells, sd 6.83, p < 0.0001) after six hours of incubation (Fig. 7) .
Discussion
although the nature of osteophyte formation, as a pathological joint alteration or an adaptation to instability is unknown, the molecular mechanism of osteophyte development is fairly well defined. mesenchymal stem cells within periosteal or synovial tissue differentiate into chondrocytes and form osteophytes via endochondral ossification, with an additional contribution of intramembranous bone formation within the covering fibrous tissue and bone formation within the marrow spaces. 7 expression of growth factors capable of inducing osteogenesis and chondrogenesis, such as TGF-β1, Bmp-2 and iGF-1, is upregulated during osteophyte formation. [8] [9] [10] Therefore, osteophytes may contain stronger bone-forming potency than cancellous bone as a source of bone graft. We have previously confirmed the clinical feasibility of using osteophytes as autologous bone grafts to fill the gap at the osteotomy site during oW-HTo, with evidence of early bone union. 13 Here, we corroborated our clinical findings, providing evidence of enhanced bone mineralisation in vivo using a mouse model, and enhanced proliferation, differentiation and chemotaxis of osteoblasts, in vitro using osteoblast-like cell lines, with transplanted osteophytes compared with cancellous bone.
The clinical significance of our findings, however, is limited by the small number of mice used in quantitative in vivo experiments, the use of mG-63 and Saos-2 cells as osteoblast-like cell lines in vitro, and the lack of authentication of these cell lines. as mG-63 cells exhibit a relatively premature osteoblast phenotype and Saos-2 cells a relatively mature phenotype, we used these two cell types to confirm graft effects on osteoblast differentiation as a function of the stage of differentiation. although the most desirable method would have been to use primary 
Fig. 5
Graphs showing the effect of each conditioned medium on osteoblast proliferation, assessed using the mTS assay, showing a significantly higher mG-63 cell proliferation rate, up to 36 hours, in the osteophyte medium group than in the untreated control group: 12 hours: 1.09 fold, sd 0.107 versus 0.847 fold, sd 0.0402; 24 hours: 1.43 fold, sd 0.179 versus 0.934 fold, sd 0.0758; and 36 hours: 1.91 fold, sd 0.232 versus 1.02 fold, sd 0.0695. after 36 hours of incubation, the rate was even higher than for the cancellous bone group: 1.91 fold, sd 0.232 versus 1.46 fold, sd 0.198. data were corrected for the absorbance at time zero. Results are reported as mean and standard deviation. Statistical analysis was performed using one-way analysis of variance with Tukey's post hoc test (all n = 10). oCm, osteophyte-conditioned medium; CCm, cancellous bone-conditioned medium. osteoblasts isolated from humans, the similarities of mG-63 and Saos-2 to human osteoblasts have been established. 15 Furthermore, although we have presupposed the clinical feasibility of using osteophyte grafts in oW-HTo procedures, there are points that need to be considered. First, the amount of osteophytes obtained during surgery is commonly insufficient to fill the gap at the osteotomy site, particularly in the presence of mild deformity. in our practice, as we consider bone union at the lateral hinge of the osteotomy to be critical, we specifically localised our osteophyte graft in this area, and no additional bone graft was placed. No complications, such as leaving bone fragments inside the knee joint or the prolonged haemarthrosis, have been reported. 13 Future studies will need to evaluate the feasibility and usefulness of osteophyte grafting to treat bone defects in other situations, including arthroplasty, osteotomy for hip oa or hallux valgus, and fractures around the knee associated with osteoarthritic changes. The more active mineralisation of bone with transplantation of osteophytes than with cancellous bone likely reflects the differential secretion of growth factors by each graft type. Growth factors, such as TGF-β1, Bmp-2 and iGF-1, are expressed during osteophyte development, including a strong phosphorylation of Smad2, which has been described in a mouse model. 16 moreover, injection of TGF-β1 stimulates osteophyte formation similarly to that of osteophytes observed in murine oa models. 17 Therefore, TGF-β1 plays an important role in the initiation of osteophyte formation during oa. Bmp-2 is also expressed in hypertrophic chondrocytes of osteophytes, while iGF-1 is expressed in proliferating perichondral cells, chondrocytes and osteoblasts. 8 in animal models, Bmp-2 and iGF-1 treatment stimulated type ii collagen and aggrecan expression, 18, 19 indicative of their contribution to chondrogenesis and the development of osteophytes.
With regard to osteogenesis, local application of TGF-β1, iGF-1 and Bmp-2 at fracture or osteotomy sites accelerates bone healing in animal models. 20, 21 in the early process of osteogenesis, proliferation of osteoprogenitor cells, inside and/or around the graft, and recruitment of the osteoblastic lineage are needed, with TGF-β1 signalling known to promote this recruitment through the mitogen-activated protein kinases and Smad2/3 pathways. 22 The importance of Bmp-2 and iGF-1 to the differentiation and maturation of the osteoblastic lineage is well recognised, 23, 24 with TGF-β1 further inducing osteoblast proliferation. 25 in our study, we identified a higher expression of these growth factors Gene expression is shown after 72 hours of incubation of mG-63 cells or Saos-2 cells, with the data corrected for expression of the housekeeping gene GAPDH. The value of each mRNa expression relative to that for the untreated control is indicated. The results are reported as mean and standard deviation. Statistical analysis was performed using one-way analysis of variance with Tukey's post hoc test (all n = 10). oCm, osteophyte-conditioned medium; CCm, cancellous bone-conditioned medium. in the osteophyte-conditioned medium, compared with the cancellous bone-conditioned medium, using eliSa. To our knowledge, we are the first to have reported the amount of growth factors secreted by osteophytes into their surroundings. Growth factors exuded from osteophytes may play a key role in mineralisation around the graft. although stronger mineralisation was confirmed in the in vivo osteophyte transplantation model, the expression of osteocalcin from osteoblasts, recognised as a terminal differentiation marker, was inhibited when osteoblasts were cultured, in vitro, in the osteophyte-conditioned medium. We do know whether TGF-β1 is a potent inhibitor of terminal osteoblast differentiation and mineralisation, 26 and therefore, this discrepancy between in vivo and in vitro results likely reflects the involvement of various factors other than the three growth factors we measured, or it is likely that TGF-β1 activation would be different in each microenvironment. in order to form new bone in the appropriate location, osteoblasts need to migrate and gather at the edge of the existing bone, with iGF-1 involved in the recruitment of osteoblasts at the site of bone formation. 27 The osteophyte-conditioned medium, which contained large amounts of iGF-1, induced greater migration of mG-63 cells than cancellous bone. previous research, using a mouse allograft transplantation model, reported that osteoblasts surrounding bone graft are gradually replaced by host cells over a period of six weeks. 28 iGF-1 secreted by osteophytes could, therefore, make a great contribution to bone mineralisation by recruiting osteoblasts from its surroundings.
in conclusion, the greater osteoblastic efficacy of osteophytes over cancellous bone is supported by the greater amount of newly mineralised area around the graft in vivo at six weeks following transplantation. moreover, osteophytes express a number of factors which favour bone union such as TGF-β1, Bmp-2, and iGF-1, with the combined effects of these growth factors likely to contribute to osteoblast proliferation, differentiation and migration. Their usefulness as bone grafts should be considered. Further research is required to further evaluate the feasibility of osteophytes for other applications requiring early bone union, such as arthroplasty with bone defects, or other osteotomies of arthritic joints. migration assay using Transwell chambers, showing a significantly higher migration activity of mG-63 cells towards osteophyte-conditioned medium than towards cancellous bone-conditioned medium and the untreated control after six hours of incubation. The cells were counted in three randomly selected microscopic fields (×400) and the mean taken, with representative images shown for the ten experiments (original magnification, ×400). The results are reported as mean and standard deviation. Statistical analysis was performed using one-way analysis of variance with Tukey's post hoc test (all n = 10). oCm, osteophyteconditioned medium; CCm, cancellous bone-conditioned medium.
